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Abstract 
The NMR double-quantum response to a three-pulse sequence of dipolar coupled spin-l/2 pairs in powder samples 
spinning at the magic angle is investigated for arbitrary spinning frequencies. It is shown that double-quantum spinning 
sideband patterns result from the rotor modulation of the dipolar Hamiltonian. The existence of rotor modulated 
double-quantum spectra is confirmed by experiments with spin pairs of protons in barium chlorate monohydrate. The
understanding of these sideband patterns now allow quantitative analysis of the double-quantum spectra to yield structural 
information in rigid solids. This is demonstrated byapplication to malonic acid. By combining single and double quantum 
NMR spectra proton distances within functional groups are determined, as well as connectivities between them. T  1H-1H 
distance in the aliphatic group is 0.18 nm and the shortest distance between two carboxylic protons in the dimer structure is 
0.22 nm. The closest aliphatic and carboxylic protons are separated by 0.26 nm,in agreement with neutron diffraction data. 
1. Introduction 
Multiple-quantum (MQ) NMR spectroscopy is an established tool for structural studies in liquids and highly 
mobile solutes in liquid crystals [1-3]. In solids the strongest MQ signals are expected for protons but the 
notoriously broad 1H NMR lines have so far precluded their use in this area. However, highly resolved homo- 
and hetero-nuclear MQ spectra involving dipolar coupled spins in solids have been obtained [4,5] with fast 
magic angle spinning (MAS). An intriguing feature of these spectra re intense narrow MQ spinning sidebands 
extending beyond the width of the static powder spectra. 
The aim of this Letter is to clarify the nature of these sideband patterns and to show that such MQ spectra 
can be exploited for structural investigations of solids as an alternative to the study of dilute spin pairs such as 
13C or 15N, introduced via isotopic labelling (for a recent review see Ref. [6]). 
First, we show that MQ spinning sidebands result from the rotor phase modulated spatial part of the dipolar 
Hamiltonian, irrespective of whether or not evolution due to the spin part of the Hamiltonian occurs. Thus, the 
generation of MQ spinning sidebands is a general phenomenon encountered in different experimental strategies 
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Fig. 1. The scheme of a 2D-experiment using three 90 ° RF-pulse sequence for recording MQC spectra under MAS. The excitation period of 
duration ~" is flanked by the first wo 90 ° pulses. The evolution period has a variable duration t 1.The last 90",p RF-pulse with phase ~o = x 
or y and the free evolution period of duration r', represent the reconversion period. The detection period provides the basis of the second 
dimension of the experiment. 
used for excitation of MQ coherences in the presence of sample spinning [4,5,7-9]. The simplest pulse sequence 
for exciting MQ in liquids and solids is the three-pulse sequence [10], depicted in Fig. 1. Multiple-quantum 
coherences (MQC) can be excited with this pulse sequence in the presence of dipolar, scalar and quadrupolar 
interactions. Moreover, this simple experiment works for a broad range of ratios between the spin interaction 
strength and the rotor frequency oJ R. 
Next, a powder sample with isolated homonuclear spin pairs having I = 1/2 with strong dipolar interactions 
is considered. For this the crystal water in Ba(C103) 2.H20 provides a convenient experimental example. The 
results are then applied to a strongly coupled spin system, malonic acid, where the static 1H NMR line exhibits 
a bell-shaped profile with a full-width at half-height of about 34 kHz. It is found that the dipolar coupled ~H 
network of this rigid solid under fast MAS behaves like a collection of spin pairs. By combining high-resolution 
single and double quantum NMR spinning sideband patterns proton distances within and between the functional 
groups are determined. 
2. Theory 
The recording of double-quantum (DQ) spectra for a spin pair by virtue of a three-pulse sequence can be 
subdivided in four periods, cf. Fig. 1. The first two 90 ° pulses with the same phase separated by time r 
represent the excitation period. The subsequent evolution period has a variable duration t1. The third 90 ° pulse 
with phase q~ = x or y and the free evolution of duration r' represent the reconversion period. The excitation 
and reconversion periods of duration r and T' can be adjusted so as to ensure the maximum transfer of Zeeman 
order into double-quantum coherence (DQC) and of DQC to detectable single-quantum coherence (SQC). As 
usual, the evolution time t 1 and detection time t 2 provide the bases for two frequency dimensions (2D) of the 
DQ spectrum [1]. 
Our main objective is to show that, even in the absence of DQC evolution during t I, a 2D-MQC experiment 
performed in the presence of sample spinning will produce DQ spinning sidebands. To this end a collection of 
magnetically equivalent dipolar coupled spin-pairs 1 /2  is considered with negligible chemical shift anisotropy 
and arbitrary ratio between the dipolar coupling strength and the rotor frequency ~o R. 
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For on-resonance excitation the Hamiltonian for the (i, j) spin-pair is described by the rotor modulated 
dipolar Hamiltonian [11,12], 
2 
H~°)( t) = ~,, - ~ DiJd (2) [ flM)D (2) t [2 ij) exp( imtoRt)T~! o. (1) -m,O I, O,-m I, 
m = -2  
Here tim = 54.7° is the magic angle of the rotor axis relative to the magnetic field and O ij denotes the set of 
Euler angles (ct i J, fl ~J, 3, i j) relating the principal axes of the dipolar coupling tensor to the reference frame 
fixed to the rotor. For a powder the initial rotor phase is of no relevance, cf. Fig. 1. The conventions used for the 
Wigner rotation matrices D(m2,)m,(12)= exp(-  i mt~) d~!m,(f l )  exp(- i m'~/) are those defined in Ref. [13]. The 
dipolar coupling constant D ij = (tXo/4rr)3~2h/r 3 depends on the internuclear distance rij and T~/0 is an 
irreducible spin tensor operator for the (i, j) spin pair. 
The spin system response for the experiment of Fig. 1 is calculated using the density operator formalism 
applied to an ensemble of dipolar coupled pairs of spin-l/2 nuclei with total spin 1 [13-15], applying 
irreducible tensor calculus with operators such as I x = (1/v~-XT1,_ 1- TI ,+ 1), Iy = (i/V~)(TL+ l +/' l , -  1), 
Ix =/'1,0, where I = I i -t- I j and T~/0 = ~T2,0,1 T~I± 2 = ~T2,±1 2.
In the 6-pulse limit and for an initial density operator p(0) = aI z, the density operator at the end of the 
excitation period is given by 
p(~-) = a{-T1, 0 cos[~--~ d(z; 0)] + i(T2, 2 - T2,_2)sin[~--~ d(~'; 0)]) ,  (2) 
with 
2 . .  t # 
d(t"', t ') = ~_, (-~/-6)DiJd~),n,O ( ~M,/'/]D(2)O,-m~,gO")ft, exp(imoJRt )d t .  (3) 
m=-2 
The dipolar integral d(t"; t') is real and vanishes when the condition for rotational echo is fulfilled, i.e. 
t" - t' = m- R, where n is an integer number and T R = 2~/to  R. For such rotor synchronized conditions DQC is 
not excited. Moreover, DQC is excited only with low intensity when t " - t '=  l(2n + 1)~" R, as a result of 
vanishing terms with m = +__ 2 in the sum of Eq. (3). 
In general, the two 90 ° excitation pulses together with the dipolar coupling acting during the time interval z 
produce a mixture of longitudinal magnetization a d DQ coherence (/'1, 0 and T2, ± 2 terms respectively, in Eq. 
(2)) with relative amplitudes determined by the ratio z /z  R and the dipolar coupling strength. The cosine factor 
connected with the T1, 0 operator and sine factor of the (T2, 2 - T2,_2), DQ-operator can be used to distinguish the 
contributions of both terms to the spin system response in the t I dimension. 
The rotor modulation of the dipolar interaction during the evolution period is encoded for each crystallite. 
However, as a result of the commutator relationships [T2, 0, T1, 0 ] = [Tz, o, /'2, ± 2] = 0, the excited DQ coherence 
does not evolve during t]. The density operator at the end of the evolution period can thus be written as 
p(t]  + ~-) = p(,r). (4) 
The reconversion period converts the longitudinal spin magnetization a d DQ coherence in a SQ coherence 
having different phases depending on the third pulse phase ~p, cf. Fig. 1. The reconversion process from DQC to 
detectable SQ coherences i  not instantaneous, but again requires the dipolar coupling and the maximum signal 
is obtained after time r'. 
The density operator during the reconversion period is calculated to be 
p(~)(r '+ t a + r)  = T exp - i  q+7/-Id(0)(t ) dt exp i~I~ p( r ) ,  (5) 
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with ~ -- x or y. The Liouville operator notation (~ is used and T is the Dyson time ordering operator [1]. It is 
evident from Eqs. (1) and (5) that the rotor phase tORt1, acquired during tl, is encoded in the dipolar 
Hamiltonian during the reconversion period. 
In order to show that this leads to DQ sidebands in the w I dimension it is sufficient o consider t2 = 0 only. 
The normalized NMR observables can then be defined by 
S¢,(t,; t2=O) = Tr[I¢'P(¢'(r' +tl + T)] 
Tr[I~ p(0)] (6) 
Here ¢' denotes the phase of the receiver and q~ the phase of the reconversion pulse. From Eqs. (2)-(6) we 
finally get 
Sx,y(tl; t2=0 ) = -T-cos[~--~ d(~-' + t I + ~-; t I + ~')] cos[¢Td(~'; 0)] 
. l~- - ,  + slntV 7al, r + t I "k-T; 'l + ~')] sin[~-~ d(z; 0)], (7) 
where the minus (or plus) sign in Eq. (7) corresponds to an x-(or y-)NMR signal and ¢ =y (or x). This will 
lead to pure absorptive spinning sidebands. 
The DQC signal is obtained by adding data points from the experiments performed with reconversion pulses 
having orthogonal phases, i.e. 
= 1 • =0)  +Sy(/1; t2=0)] .  (8) SDQ(/I) ~[Sx(tl, t2 
For a powder sample from Eqs. (1), (3), (7) and (8) we finally obtain 
SDO(/~) = /sin(3 DiJ[v~sin(2flij)sin(½°JRZ)COS( y / j+  ~OgRZ) 
\ 12tOR 
__ ½sin2(flij) sin( WRZ ) COS(2T ij + tORZ)] ) 
3 D i' {f~sin(Zflij) sin(½to~-') cos[ yij + tOR(½T, + t I + ~')] ×sin 
- ½sin2(/3 ij) sin( WRZ' ) Cos[Zy ij + WR(Z' + 2t 1 + 2Z)] })) . (9) 
The symbol ( ) represents he powder average. The rotor phase tORt 1 enters, as well as the constant phase shifts 
tORZ and tORT'. A Fourier-Bessel analysis of the signal reveals DQ spinning sidebands, with intensities 
depending on the dipolar coupling strength, the preparation and reconversion times and the rotor frequency. 
In order to put this new feature of the DQ response for spin pairs in a rotating powder in perspective, we 
compare it with the normalized SQ free induction decay (FID). For a static collection of homonuclear dipolar 
coupled spin-l/2 pairs [16], we can write 
S~tic(t) = (COS[ 3DiJ(1 - 3 cos 20iJ)t] ), (10) 
where 0 ij is the angle between the internuclear vector and the static magnetic field. 
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Fig. 2. (a) Simulated SQ spectra of a collection of rigid spin- l /2 pairs in a powder for different values of the ratio tOR/tO D between the 
rotor frequency and dipolar coupling frequency ~oD = DiJ//h according to Eqs. (10) and (11), to D = 2rr × 29.3 kHz throughout. (b) 
Simulated DQ spectra corresponding to the pulse sequence of Fig. 1 for a rigid spin- l /2 pair in a powder versus ~R/to D according to Eq. 
(9), for r= ~" = 10.6 i~s. The sideband patterns for different tOR/tO D have been scaled to the same peak intensities. For the DQ sideband 
patterns the total integrated intensities are given on the right. 
Rotation will induce a common modulation of the spin system response which will depend now on the angles 
(flq, "yq) as well as toR (see Eq. (1)). It is easy to show that the normalized SQ-FID is then given by 
D'I Lx/2sin(2/3q ) [  sin(½toRt) COS(y// + ½tORt ) Ss~AS(/) = OS -~ °JR 
½sin2(/3 i/) sin( tort ) COS(2"y i /+ toRt)] ) / '  (11) 
Simulated SQ and DQ spectra for different ratios of toD = Di//h and toR from numerical powder averages 
of Eqs. (11) and (9) are displayed in Figs. 2a and 2b, respectively. 
In the limit of very fast rotation, i.e. toa/toD >> 1, the argument of the cosine function in Eq. (11) is very 
small and the intensity of the SQ-spectrum is concentrated mainly in the centreband (cf. Fig. 2a for 
toR/toD = 2.0). The phase of the signal proportional to the DQC is shifted by "rr/2 with respect o the SQ 
decay, the spin system response being now dependent on the sine function (cf. Eq. (9)). Thus, for the same rotor 
frequency regime the DQ spectrum shows a symmetric pattern of reconversion spinning sidebands (cf. Fig. 2b 
for toR/tOD = 2.0). The relative intensities of the centrebands and sidebands are different for different excitation 
times ~" (see Eq. (9)). For a given ~- the intensities of the sideband patterns strongly depend on tOR/tOD above a 
threshold where the sample rotates appreciably (more than "rr/4) during the excitation time ~-. These relative 
intensities can be used to determine the strength of the dipolar coupling between two spins (see below). 
3. Experimental 
The experiments were performed on a Bruker ASX 500 NMR spectrometer, operating at a t H frequency of 
500.13 MHz. Double-quantum coherence is excited with the three-pulse sequence shown in Fig. 1, using a 90 ° 
pulse length of about 2.6 IXS. The excitation delay ~" was determined experimentally to ensure a high amplitude 
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Fig. 3. DQ spectrum recorded with the 90 ° three RF-pulse sequence with r = r' = 10.6 p.s of crystal water in a powder of solid barium 
chlorate monohydrate B (C103)2 " H 20 after magnitude calculation in the t I dimension. The projections ofthe whole spectrum onto w 2 and 
to1 are also shown. Note the characteristic enhancement of the first-order sidebands in the DQ dimension. 
for the DQ coherence, r= 10.6 Ixs for Ba(CIO3) 2 • H20.  For malonic acid two values for the preparation time 
were used, r = 11.5 Ixs and r = 17.5 Ixs. In all experiments the duration of the excitation period was chosen to 
be equal to the duration of reconversion period, i.e. r = z'. The 2D experiments are performed at a spinning 
frequency of 13.9 kHz and with a t 1 increment of 4.5 p~s for barium chlorate monohydrate and for malonic acid. 
The first two pulses are phase cycled according to the time proportional phase increment procedure [1]. 
Additionally, the phase of the last pulse is changed following Eq. (8) to filter out unwanted coherences. 
Polycrystalline barium chlorate monohydrate (Ba(C103) 2 • H20)  was purchased from Aldrich Chemical Co. 
and malonic acid (CHz(COOH) 2) from E. Merck, Darmstadt. Both samples were used without further 
purification but were dried at 50°C under vacuum for several hours before the measurements. 
4. Results and discussion 
4.1. Separated strongly coupled spin pairs 
The water protons in a powder of solid barium chlorate monohydrate serve as a model system for 
well-separated strongly coupled spin pairs [17-20]. Interpair dipolar interaction is further reduced by 180 ° flips 
of the water molecules about their C 2 axes [18,20]. 
Fig. 3 shows the proton DQ spectrum, together with the projections onto the to 2 and to I dimensions. The 
single quantum to2-dimension exhibits a number of spinning sidebands. The centreband as well as each of the 
SQ sidebands leads to the characteristic DQ sideband pattern in the to ] -dimension. The projection onto to 1 
shows the enhancement of the first-order sidebands. 
The experimental SQ and DQ sideband patterns agree quantitatively with the simulated spectra based on Eq. 
(9), for a rotor frequency of u R = 13.9 kHz and an intramolecular verage proton distance of r = 0.16 -t- 0.01 
nm, cf. Figs. 4a-4d.  The finite pulse length was included in the 7 and r '  values used in the simulations. The 
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Fig. 4. SQ (a) and DQ (c) spectra corresponding to the experiment presented in Fig. 3 for barium chlorate monohydrate Ba(C IO3)  2 • H20 
are presented together with the simulation of SQ (b)and DQ (d) spectra. These last spectra were obtained using Eqs.(11) and (9) for a 
powder sample of isolated pairs of protons where r = 0.16 nm. Experimental (e) and simulated (f) SQ spectra for protons in m lonic acid. 
The spectrum in (e) shows pinning sideband patterns for COOH and CH 2 groups marked with short and tong lines, respectively. The upper 
spectrum in (f) corresponds to carboxylic and the lower one to aliphatic protons. The slices through the experimental DQ-spectrum (Fig. 5) 
at the position of carboxylic (g) and aliphatic (h) protons along the to 1 axis are presented showing characteristic spinningsideband patterns 
for the spin pairs. In (g) lines corresponding to pairs of carboxylic protons are marked with short lines and DQ pinning sidebands 
originating from coherences between aliphatic and carboxylic protons are marked with long lines. The latter signals are also present in (h), 
marked by long lines, while the short lines correspond here to methylene-methylene protons. In all the simulated spectra the linewidths are 
adjusted to fit the experimental data. 
same value for r has been used previously for the simulation of proton zero-field spectra [18]. Also, from the 
single crystal rotation pattern of the high-field 1H spectra an interproton distance of r= 0.162 nm was 
determined [21], slightly different from the value r= 0.152 nm obtained from the neutron diffraction 
measurements [22]. This difference is ascribed to the different averages over the l ibration and vibrational modes 
measured by scattering techniques and NMR. 
4.2. Non-separated strongly coupled spins 
Malonic acid serves as a convenient sample in order to check the behaviour of non-separated spins in solids. 
It contains two structural features which are of particular interest for organic solids and even biological 
macromolecules, CH2-groups and hydrogen bonded pairs of carboxylic groups [23,24]. Both contain proton 
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Fig. 5. High-resolution proton DQ spectrum of malonic acid recorded in a 2D-experiment using the three-pulse sequence of Fig. 1 with 
~" = r'  = 17.5 I~S under MAS conditions• The DQ coherences are generated involving two methylene, two carboxylic protons and one proton 
of each groups, respectively. The four-line of the first-order DQ spinning sidebands (marked by a contour with dashed lines) is expanded on 
the left. 
pairs, however, the dipolar coupling between the protons in this rigid solid leads to a bell-shaped static 1H NMR 
spectrum with full-width at half-height of about 34 kHz. In the fast MAS SQ-spectrum, however, the two pairs 
of protons are well separated by their chemical shifts (cf. Fig. 4e, see also Ref. [25]). The analysis based on Eq. 
coo .= 0.22 nm with an (11) (cf. Fig. 4f) of the separated sideband patterns yields rHHCH2 = 0.18 nm and rHn 
estimated accuracy of + 0.01 nm, in agreement with the results of the neutron diffraction study [21,26]. The 
ease with which these 1H-1H distances are obtained here on a powder sample and measuring time of only 10 
min should be particularly appreciated. 
Thus, the 1H spin system in malonic acid under fast MAS behaves as separated spin pairs in SQ 
spectroscopy. This is somewhat surprising since the shortest distance between OH and CH protons is only 0.28 
nm [26]. Indeed, the DQ response also establishes the dipolar coupling between protons belonging to different 
groups. This is shown in the DQ spectrum presented in Fig. 5 and the slices at the OH and CH 2 frequencies 
plotted in Figs. 4g and 4h. The complicated patterns arise because double quantum coherences are generated 
involving two methylene protons, two carboxylic protons and one proton of each group, respectively. Thus, 
centre- and side-bands exhibit four-line patterns as reported previously for methyl and phenylene protons in 
polycarbonate [4]. Note that in malonic acid the interpair dipolar interaction is so strong that the DQ coherence 
can be excited with a simple three-pulse sequence. The intensities of the centrebands are considerably stronger 
than the simulations for isolated spin pairs (see Fig. 2b). Strong centrebands may arise for many reasons, 
notably coupling to other spins in the solid but also experimental imperfections. Experiments in order to clarify 
the nature of the centrebands are currently underway. They indicate that the spin-pair approximation for DQ 
coherences i violated with increasing preparation times (see also Ref. [27]). 
The DQ-spinning sidebands, however, can already quantitatively be analyzed at this point. The strength of 
the dipolar couplings of the spin pairs are reflected in the intensities of these sidebands as a function of the 
preparation time % Fig. 2b. In malonic acid the intensities of the auto-sidebands arising from the methylene and 
the carboxylic groups will reflect the respective dipolar couplings known from the SQ spectra. Within the 
spin-pair approximation the intensities of the cross-sidebands should reflect he distance between a carboxylic 
and an aliphatic proton rHH"CH2-COOH. Indeed, these intensities are vastly different in the experimental spectra, 
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Figs. 4g and 4h. The validity of the spin-pair approximation can be checked by determining the ratios between 
the observed auto- and cross sidebands for different z values. Four of such ratios were analyzed and gave 
virtually identical results from which we determine rHH-CH2-COOH = 0.26 _+ 0.015 nm. This distance is in good 
agreement with t at measured by neutron diffraction [21,26]. More structural details will be available from a 
quantitative analysis of these patterns a well as those of the heteronuclear DQ coherences [5] currently 
underway. 
5. Conclusions 
On the basis of the results presented here and our recent work on high-resolution MQ spectroscopy of solids 
[4,5,27] we conclude that if a solid with abundant I=  1/2  spins such as 1H coupled by strong dipolar 
interactions i  subject o fast MAS in high magnetic fields a regime can be reached, where in the NMR spectrum 
the different structural units are distinguished by their chemical shifts, yet the dipole-dipole coupling can be 
used to measure internuclear distances. This indicates that the multibody dipolar interaction leading to 
unresolved NMR spectra in static samples is modified by MAS such that the system to a first approximation 
behaves like an ensemble of simple spin pairs. For which spinning frequency this regime is reached epends on 
the static dipolar interaction. However, our results on malonic acid show that to R = 2~r × 15 kHz will probably 
be sufficient for typical organic solids (see also Ref. [25]). 
Connectivities between spins of different pairs are established in DQ spectra, where during the excitation of 
DQC the averaging effect of MAS is avoided either by short excitation times a here or by dipolar recoupling 
as, for example, in adamantane [4,27]. The DQ spectra exhibit sideband patterns e ulting from modulation of 
the spatial part of the Hamiltonian imposed by MAS. Thus, these sidebands occur for arbitrary spinning 
frequencies as well as for homo- and hetero-nuclear MQ-coherences [5]. Analysis of SQ and DQ sideband 
patterns yields proton-proton distances with an estimated accuracy of + 0.01 nm. In addition, evolution of the 
MQC occurs due to the spin-part of the Hamiltonian involved, e.g. heteronuclear dipole-dipole interaction, 
dipole-dipole coupling to nearby spins and isotropic as well as anisotropic chemical shift. All these features are 
then reflected in the corresponding spectra. Thus, high-resolution MQ spectroscopy of dipolar coupled solids 
can provide a wealth of structural and dynamic information on solid systems. Since no crystals are required, 
these techniques hould be particularly useful for disordered systems and synthetic as well as biological 
macromolecules. Work along this line is in progress in our laboratory. 
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